Mechanical tests of PVD coatings made on steel 310S were carried out within this study by the scratch test method. It was found that the additions of Al and Ir caused lower critical load values compared to the coating without additions. Despite the reduction of the critical load of the coating by the aluminium addition, the effect of aluminium was considered advantageous owing to the refinement of the structure causing the coating to become more plastic and reducing the number and sizes of micro-cracks. The addition of iridium results in an embrittlement of the coating structure and its poorer adhesion to the substrate. Comparison of the findings from the scratch test with the observations from an optical and a scanning microscopes was also made.
Introduction
Regardless of the type and purpose of coatings, the core to their use is primarily their good adhesion to the substrate. The methods of assessing the adhesion of coatings are numerous, and their selection depends on technological treatments foreseen for the coating and its operation conditions. A limitation to the use of some methods are the physical properties of both the coating and the substrate, as well as their dimensions.
It is generally accepted that the measure of adhesion is the value of applied force, at which the coating is sepa- * E-mail: bratek@wip.pcz.pl rated from the substrate.
One of the most popular methods of assessing coating adhesion is the scratch test. The coatings studied by scratch test span a wide range of composition from wear resistant coatings to plastic organic ones. This test is fast and easy to perform and therefore constitutes a basic tool in quality control and in industrial laboratories [1] [2] [3] . The scratch test process involves making a scratch with a diamond indenter loaded by either a fixed or increasing force. The magnitude of force at which the separation of the coating from the substrate or other effects of the coating loosing its integrity, such as micro-cracks or delamination will occur, is defined as the critical load [1, 4, 5] . The value of the critical load depends on the properties of the coating, e.g. grain size, hardness, roughness; the test parameters, such as load increment rate; as well as on the properties of the substrate, chiefly its hardness [6] [7] [8] [9] . In the present work, the scratch test was used for the evaluation of Physical Vapour Deposition coatings made of heat-resisting austenitic steel. The scratch test is particularly useful in the cases of an adhesive bond between a coating and a substrate and this is the character of bonding that magnetron-deposited coatings have. Coatings were made within a project concerning the enhancement of the heat resistance of AISI 310S steel by the addition of Al to create a fine crystalline structure favouring the formation of a protective film of Al 2 O 3 and the addition of noble Ir.
Material and experimental details

Material
Coatings of the composition of 310S heat-resisting steel deposited on a substrate of the same steel by the DC magnetron sputtering method in the chamber of a B-901 (Hoch Vakuum Dresden) were examined. The coating substrates were commercial sheet cut-outs of the same steel grade. Prior to the deposition of coatings, the substrates were prepared in the standard manner applicable to the magnetron method: cloth buffed and washed with acetone in an ultrasonic washer. In the magnetron vacuum chamber, the substrates were suspended on a rotary table and then both the coating substrate surfaces and the targets were additionally cleaned for several minutes by a glow-discharge method under an argon pressure of approx. 3 Pa. The parameters of the magnetron deposition process were as follows: argon flow pressure 0.3 Pa, table polarization potential -50 V, and the distance between the targets and the substrate ∼ 200 mm. The magnetron targets were two discs of AISI 310S steel, each of diameter 97 mm and power of 3 kW, situated opposite one another. To introduce the additives, additional targets in the form of 63 × 49 mm diameter rings made of Al or/and Ir, each of a power of 100 − 200 W, were mounted in the plane perpendicular to the steel targets [10] . The coating deposition time was approximately 1 hour. The chemical composition of the applied coatings is given in Table 1 . The SEM microscopic measurement on the coating cross-section was used for thickness determination. The coatings were characterized by the uniform thickness (scattering < 0 4 µm) which is also provided in Table 1 . Polishing the sheet surface (substrates were cut out from one polished sheet) prior to coating deposition was made in such a manner as not to cause the complete removal of process scratches ( Fig. 1) considering the possibility of making coatings on the real engineering surfaces of elements intended for the power industry. In spite of sputtering austenitic steel (of the fcc type), the coating structure included mainly the bcc phase with a small amount of the fcc phase. Coating 2 with the addition of 2.3%Al, showed the smallest percentage of the fcc phase. The structure of Coating 3 with the addition of 3.7%Ir is distinguished by the largest percentage of the fcc phase, which quantitatively prevails over the bcc phase (Fig. 2 ).
The scratch test
Measurements were made using a CSM scratch tester equipped with a type Rockwell C indenter. To allow comparison of the test results each coating was tested at the same ratio of loading force increment to scratch length increment. Measurement with the load increasing linearly from 1 N to a maximum value of 10 N in a time of 1 min. was applied. The length of each scratch was 5 mm (two at each sample). The scratch depth in the course of loading, P , (elastic and plastic deformation), and after removing of the load, R , (residual depth -with only plastic deformation), was recorded during the measurement. The magnitude of the critical load (L critical ) at which either damage or total delamination occurred was determined. Observations of scratches and damage to the coating after the test were made using an Axiovert 25 Zeiss optical microscope and a JSM 524 Jeol scanning electron microscope.
The microhardness
Measurements were made using a Future-Tech FM-700 microhardness tester equipped with a Knoop indenter. A load equal to 0.5 N (50 G) was applied on each coating surface and three indentations were made.
Results
The scratch test process
As indicated in Table 1 , the coatings tested had varying thickness. Coating 1 without any additions had the average thickness of all the coatings examined. Based on this coating, the magnitude of load used in the tests was selected. The assumed criterion was that the measurement should be made within the coating, i.e. that the Rockwell indenter would not reach the substrate. At the final load of 10 N, the position of the indenter did not exceed 7 µm, with the coating thickness being 8 35 µm. The two scratches made on each of the coatings had almost identical patterns. The one that had caused the strongest coating degradation, as determined by microscopic assessment, was chosen for the analysis. Figure 3a shows the course of the diamond indenter pressure force increasing along the scratch length. The pressure force diagram indicates that a slight decrease in the pressure force occurred at the first stage, which was associated with the reaction of the materials to the initial 1 N load applied (indicated by the circle in Fig. 4a ). The strongest elastic reaction of the material occurred in the case of uncoated steel 310S, and an effective increase in the load was noted from the 1.5 mm of the scratch length - Fig. 3b . The weakest reaction took place for Coatings 2 and 3 containing a single addition of either Al or Ir, for which the effective increase in the indenter load was only recorded from the 2.3 mm of the scratch length.
The scratch test results for all the coatings tested are illustrated in Fig. 4 . For the sample of steel, the indenter pressure force (L) and the scratch depth (P ) increased linearly (Fig. 4a) . The offsets recorded on the steel loading graph are associated with scratches occurring regularly on the steel surface, originating from the technological process of sheet manufacture. These scratches were filled in the magnetron coating deposition process and therefore they are not observed on the P graphs for the coatings. The step-like behaviour of the load variation and the scratch depth P obtained on Coating 1 without additions (Fig. 4b) indicates the gradual appearance in the coating of defects formed during the test.
The graphs for Coating 2 containing the Al addition (Fig. 4c) , compared to the coating without additions, are not step-like in character. The graphs of the increment of both the pressure force and the scratch depth are smooth, but only starting from the 2.3 mm of the scratch length. At the initial stage of the scratch and at loads below 1 N, numerous irregularities were recorded along the scratch depth, which might indicate the start of the process of mechanical failure of the coating.
In all of the performed tests, the first step on the L and/or P graphs occurred at a load less than or close to 1 N, i.e. within that scratch range, which was defined previously as the material reaction to initial loading.
Similarly, relatively smooth deepening of the scratch and increasing of the indenter pressure force were recorded for Coating 5 (Fig. 4f) . It was also found that indenter penetration into this coating was the easiest.
The penetration of the indenter into Coating 3 containing a single addition of Ir (Fig. 4d) proceeds at intensity similar to that for Coating 2. Regardless the similarity, the offsets on the graphs for both coatings are arranged differently; namely, the largest offsets in Coating 3 occur on the last millimetre of the scratch length, whereas, in the coating containing the sole Al, they are concentrated on the first two millimetres of the scratch length. From all the coatings tested, only in the graph recorded for the coating with Ir, did a strong disturbance occur in the end part of the scratch, indicating the complete destruction of the coating. Due to the delamination of Coating 3, the scratch depth recorded in the reverse indenter run, R , is greater than that recorded during the loaded run.
In coatings, which have not undergone delamination, the scratch depth recorded in the reverse run is smaller, and the depth difference reflects the share of elastic deformation in the total deformation of the coating under loading. The greater slope of the P graph compared to the R graph indicates that the share of elastic deformation increases with increasing penetration depth. The share of elastic deformation of coatings, as evaluated from the difference between the scratch depth on the 3 and the 4 millimetres, is represented in Fig. 5 . Comparison of Fig. 3b and Fig. 5 does not reveal any relationship occuring between the intensity of coating response to the initial load of 1 N in the initial phase of the test and the elastic properties of the coating, resulting from the comparison of the scratch depth P and R in the subsequent part of the scratch test.
Analysis of the critical magnitudes
Based on the graphs recorded during the tests, an estimation of the critical load (L critical ) and the corresponding scratch length ( critical ) was made. Such estimations were based on the first offsets appearing on the L or P graphs. In the present work, these values were estimated starting from the scratch length for which the recorded load attained the minimum value at the first stage of the test. In addition, based on the microscopic observations, the distances from the scratch beginning, at which the first coating defects occurred, were determined. In Fig. 4 , the points selected for the estimation of the critical load and from the P curve are indicated with arrows, while the points at which defects were found in microscopic observations are indicated by the vertical broken line. Comparison of the indicated points yields a great discrepancy in evaluation (which is also indicated by other authors [9, 11] ). Only for Coating 1 without additions are the results of critical and crac similar. This coating showed the greatest resistance to mechanical damage with cracks formed at the greatest load and at the greatest distance from the beginning of the scratch. In the case of the other coatings, the first defects were found to occur at the initial stage of the scratch, where the load had a magnitude below 1 N. A summary of the magnitudes of the critical load, L critical , and the load corresponding to the formation of the first coating defects, L crac , as estimated from the graphs following the adopted procedure, is shown in Fig. 6 . For the estimation by the microscopic method, a clear relationship between L crac load values and the ordering of coatings by their chemical composition was obtained. The most mechanically resistant to scratching is the coating without the additions, which is followed by the coating with the addition of Al. The coatings with additions, Ir and Al, exhibit the lowest mechanical durability. Among those coatings, the durability is determined by the total amount of both additives; namely, the coating containing the smallest amount is the least durable. Similar conclusions can be drawn for the coatings with the Ir addition result from the analysis of L critical .
No clear relationships between the critical parameters and thickness and phase composition of the coatings can be drawn.
Characteristics of the surfaces and mechanical defects of coatings
Coatings with the single additive, as shown in Fig. 4c and Fig. 4d , appear to have a relatively large value of L crac which is surprising considering that the coexistence of both additives in the coating strongly reduces this value.
To explain this phenomenon, microscopic observations of the coatings were performed for both the types of defects occurring during the test (on the optical microscope) and their structural features (on the scanning microscope), as shown in Table 2 .
The coatings have a surface morphology type which is typical of magnetron sputtering technology. Globules are observed on the surface, which form the tops of columnar crystallites. Observations at a magnification of 3500× clearly indicate that, in spite of using identical fabrication conditions, the coatings differ in the diameter of columnar crystallites. Coating 3, with the addition of Ir, has the largest crystallites, whereas Coating 2 with the Al addition has the most refined crystallites. As indicated by the AFM images, large globules on Coating 3 are built of heavily refined sub-columns much smaller than the crystallites in Coating 2. The coatings containing both additives are also highly refined, though Coating 2 slightly less so [12] . In addition, on the surface of Coatings 4 and 5 large particles have been found to occur, which are a consequence of resputtering. The occurrence of those particles explains the exceptionally irregular shape of the P scratch depth curve for Coating 5, whereas there are no grounds for this on the recorded curve of the indenter load L. It can be presumed that these particles, being less strongly bonded with the substrate, are removed from the coating surface during the test. The most uniform size of crystallites in terms of their diameter and height is exhibited by Coating 2 and Coating 1. The most severe defects occur in Coating 1 in the form of cracks arranged at an angle of approximately 45°on the side edges of the scratch, which are clearly Coating 5 Coating 6 Surface intercrystalline in character. Considering the highly columnar type of the coating structure it can be supposed that the cracks cover the entire thickness of the coating. In Coating 2 with the addition of Al, the arrangement of cracks is similar, but they are much less numerous and smaller (the smallest of all of the coatings), and their propagation does not look so clearly intercrystalline. The microscopic examinations did not confirm the existence of the heavy mechanical defects within the initial part of the scratch, resulting from the P diagram. Presumably, due to its thickness being the smallest among all the coatings (5.7 mm), this coating reproduces the substrate surface profile, and the disturbances observed on the P graph are caused by technological scratches. This interpretation is confirmed by the SEM image of the coating surface in Table 2 .
Although for Coating 3 with the Ir addition the value of L crac is similar to that for Coating 2, the character of the defects is totally different. The cracks in this coating have a typical brittle nature. The cracks occur within the scratch and have an arrangement transverse to the scratch direction. Due to the brittleness of the coating chipping from the substrate results. The defects in Coatings 4 and 5 with the greatest quantity of both Al and Ir additives also exhibit the features of brittle cracks but they occur chiefly on the peripheries of scratches and largely have an arrangement parallel to the scratch direction. In the scratch there are very fine transverse cracks but without a delamination effect. Cracks in Coating 6 have rounded shapes and, similar to Coatings 1 and 2, propagate obliquely through the side edges. Owing to the most plastic character of all the remaining deformations observed within the scratch, these defects, classified as cracks, partially seem to be the effect of material upsetting in front of the diamond indenter. Scratches made on the uncoated steel did not cause any cracks to form. With increasing Rockwell indenter load and the scratch edge deformation growing stronger, grain extrusions and associated losses occurred with edges positioned at an angle of 45°to the scratch edge.
Microhardness
It was calculated that with the applied load of 0.5 N the depth of Knoop indents made (approximately 1 30 of the longer indent diameter) was smaller than 2 µm. No cracks were observed around intends and also when 1 N load was applied (Fig. 7a) .
It has been found from the microhardness measurements that the coatings have hardness about three times higher than that of basic AISI 310S steel (Fig. 7b) . tained in the range of 670 − 700 HK 0 05 , whereas the coatings with the Ir addition have lower microhardness in the range of 630 − 600 HK 0 05 . These results correlate with the results of plastic deformation which share in coatings during the scratch test, as represented in Fig. 5 , and with the critical magnitude results determined from the loading curve L critical and microscopic observations L crac , as shown in Fig. 6a, 6b . For higher hardness coatings (1 and 2) the plastic deformation share is lower, and the first cracks occur at greater load magnitudes. For the coatings with lower hardness, the share of plastic deformation is greater and initial cracks appear at lower loads. From the point of view of coating structure, those coatings have the highest hardness, whose crystallites have clearly geometrical forms. Lower hardness is exhibited by the coatings with the Ir addition, whose structure includes fractions of much finer crystallites, and the coatings have less compact structure. Conducting hardness measurements for coatings which are harder than the substrate are not favourable and may cause large errors in the measure-ment results. However, useful for the adhesion test since the spallation and buckling failure modes arise from interfacial detachment. This is reported in the works by Bull [9, 11] . The results obtained from the microhardness measurements were plotted on the diagram developed by Bull, which describes the relationship between the predominate coating fraction and coating hardness and substrate hardness (Fig. 8) . The failure types resulting from the arrangement of points in Fig. 8 match the microscopic observations. No interfacial failure was noted for Coatings 4 and 5, but the type of formed cracks allows one to presume that at a slightly greater load (> 10 N) a complete spallation of these coatings will occur. Fig. 8 is closest to the region of plastic deformation which is reflected in the smooth course of cracks on this coating.
Conclusions
A relationship between the chemical composition of 310S steel-based PVD coatings and their mechanical properties, as determined by the scratch test, has been reported. It has been found that the addition of Al increases the hardness and the critical load, while the addition of Ir reduces the hardness and magnitude of the critical load and causes the formation of micro-cracks in the coatings. The addition of 3.7%Ir results in the brittleness of the coating structure and its poorer adhesion to the substrate; therefore, its effect on the mechanical properties of the coating should be considered disadvantageous. The disadvantageous effect of Ir reveals itself also when this additive coexists with the addition of Al. As the quantity of Ir in the chemical composition of the coating decreases, the number of brittle defects in the coating decreases, but there appear effect of material upsetting by diamond indenter and the percentage share of elastic deformations in the total coating deformation increases. A correlation between the microhardness of the coatings with the additions of Al and/or Ir and L critical /L crack in the scratch test, as estimated by microscopic observations, has been reported. For the higher-hardness coatings the magnitudes of these parameters are greater.
Comparison of the conclusions resulting from the diagrams of variation of the load L and the scratch depth P , as recorded in the scratch test, with the microscopic observations has found that microscopic observations constitute a necessary complement to the scratch test for the proper evaluation of the mechanical properties of PVD coatings and correlating them with the structure of the coatings.
